Background and objectives dense deposit disease (DDD) is the prototypical membranoproliferative glomerulonephritis (MPGN), in which fluid-phase dysregulation of the alternative pathway (AP) of complement results in the accumulation of complement debris in the glomeruli, often producing an MPGN pattern of injury in the absence of immune complexes. A recently described entity referred to as GN with C3 deposition (GN-C3) bears many similarities to DDD. The purpose of this study was to evaluate AP function in cases of GN-C3.
Introduction
Membranoproliferative glomerulonephritis (MPGN) is a pattern of glomerular injury that most frequently results from the mesangial and subendothelial deposition of immune complexes. These complexes trigger activation of complement and a phase of acute injury in the glomerular mesangium and capillaries. The acute injury phase is followed sequentially by an inflammatory phase, with influx of inflammatory cells (proliferative phase) and then a reparative phase. The reparative phase is characterized by the formation of new basement membranes in the mesangium and between the immune deposits and old basement membranes (membrane phase), resulting in mesangial expansion and double contours, respectively (1, 2) .
Dysregulation of the alternative pathway (AP) of complement with deposition of complement factors in the mesangium and along the capillary walls also results in MPGN in the absence of immune complexes. The prototypical example of this form of MPGN is dense deposit disease (DDD; also referred to as MPGN type II). DDD is characterized by an MPGN pattern of injury, C3 deposits on immunofluorescence microscopy, and the characteristic sausage-shaped wavy osmiophilic electron dense deposits along the glomerular basement membranes (GBMs) and mesangium for which the disease is named (3) (4) (5) .
We have noted, however, some cases of MPGN in which C3 deposition along the mesangium and capillary walls is extensive and immune deposits are absent, but electron microscopy (EM) fails to show the typical sausage-shaped wavy intramembranous and mesangial deposits of DDD. Instead, we have observed deposits very similar to those seen with immune-complex-mediated MPGN. The terms "glomerulonephritis with isolated C3 deposits (GN-C3)" and "C3 glomerulopathy" have been used for this recently described entity (6 -8) .
In this manuscript, we describe one recent case of DDD, three cases of GN-C3, and one case that exhibits features of both DDD and GN-C3. Complement assays show that, in all cases, there is AP dysfunction and loss of regulatory control of the complement cascade. Thus, AP dysfunction results in not only DDD, but in a type of MPGN that lacks the classic electron microscopic hallmarks of DDD. Based on these findings, we propose a simple classification for these diseases that places both GN-C3 and DDD under the umbrella of C3 glomerulopathies.
Materials and Methods
Renal biopsies from three Mayo Clinic patients and two renal biopsies sent to the Renal Biopsy Service at the Mayo Clinic were evaluated. In all cases, light microscopy, immunofluorescence microscopy, and EM were performed. Clinical information was obtained from the charts. Institutional Review Board approval was obtained to evaluate the AP of complement, which was performed as follows.
C3 Nephritic Factors
The presence of C3 nephritic factors (C3Nefs), autoantibodies to the alternative pathway C3 convertase (C3bBb), was analyzed by ELISA as described previously (9) .
AP Functional Assay (APFA)
AP complement activity was evaluated using the Wieslab complement AP assay kit as described previously (9) . In brief, the method combines principles of the hemolytic assay for complement activation with the use of labeled antibodies specific for neoantigen produced as a result of complement activation. The amount of neoantigen generated is proportional to the functional activity of the AP. Results were expressed as a percentage of normal (normal reference range, 65 to 130% based on 50 normal sera samples).
Hemolytic Assay
The sheep erythrocyte lysis assay was completed as described previously (9) . This assay measures complement-mediated lysis of sheep erythrocytes secondary to AP activation. Sheep erythrocytes are nonactivators of complement-mediated lysis in human serum. Any observed lysis was graded as follows: normal (Ͻ3%); 1ϩ (3 to 20%); 2ϩ (20 to 40%); 3ϩ (40 to 60%); 4ϩ (60 to 80%); 5ϩ (80 to 100%, complete hemolysis).
Factor H and Factor B Autoantibodies
Factor H and factor B autoantibodies (FHAA, FBAA) were analyzed by ELISA as described previously (9) . An OD of ϩ2 SD above normal based on 50 healthy controls was considered positive (normal reference range: Ͻ300 units).
Mutational Analysis
Coding regions and intron-exon boundaries of CFH (MIM#134370; NM_000186), CFHR5 (MIM#608593; NM_030787.3), CFI (MIM#217030; NM_000204.3), CD46 (MIM#120920; NM_002389.3), CFB (MIM#138470; NM_001710.5), C3 (MIM#120700; NM_000064.2), and THBD (MIM#188040; NM_000361.2) were amplified and screened for mutations and polymorphisms using bi-directional sequencing. PCR amplification of genomic DNA was completed using 20 ng genomic DNA, 2ϫ NH 4 buffer, 3 mM MgCl 2 , 400 M each dNTP, 50 U/ml Taq polymerase, and 10% DMSO. Reaction conditions were as follows: an initial denaturation at 95°C for 5 minutes; 35 cycles of denaturation at 95°C for 30 seconds; annealing at 60°C for 30 seconds; extension at 72°C for 30 seconds; and a final extension at 72°C for 10 minutes.
Specimen Preparation, Laser Microdissection, and Mass Spectrometry Proteomic Analysis
The methods have been published previously (10 -13) .
Results

Clinical and Laboratory Findings
Five cases of MPGN with extensive C3 deposits in the absence of significant immune deposits were diagnosed in the renal biopsy service at the Mayo Clinic (Tables 1  and 2 ). Based on biopsy findings, three cases were diagnosed as GN-C3, one case was diagnosed as DDD, and one case was considered intermediary between GN-C3 and DDD (see next section). Although the age range was wide (9 to 73 years), the case of DDD was in the youngest patient (age 9 years), whereas the patients with GN-C3 were older (Ն38 years); the patient with GN-C3/ DDD was 19 years old. At presentation, all patients had varying degrees of proteinuria and hematuria, four patients had hypertension, and three patients had lower extremity edema. Three of the five cases had an ophthalmological examination that showed no evidence of Drusen. A brief clinical history for each patient follows. Case 1 is a 73-year-old man who presented with dyspnea, lower extremity edema, and renal failure of 3-week duration. His serum creatinine had increased from a baseline of 1.2 mg/dl to 2.3 mg/dl with an estimated GFR (eGFR) of 35 ml/min. Urinalysis showed red blood cells (RBCs) and RBC casts, and urinary protein was 1.7 g/24 h. His medical history was significant for coronary artery disease.
Case 2 is a 38-year-old man with a history of hypertension who was found to have significant proteinuria 2 years earlier, at which time his serum creatinine was 1.1 mg/dl with an eGFR of 58 ml/min and urinary protein of 9.7 g/24 h. Renal biopsy showed proliferative glomerulonephritis with features of postinfectious glomerulonephritis. Although his serum creatinine has remained stable, significant proteinuria (11.4 g/24 h) has persisted and therefore a second renal biopsy was performed. His medical history was significant for essential thrombocythemia with JAK2 mutations and obstructive sleep apnea.
Case 3 is a 62-year-old man who was in excellent health until 3 years ago when he developed hematuria. Renal biopsy at the time suggested postinfectious glomerulonephritis. Serum creatinine was 1.1 mg/dl but gradually increased to 1.7 mg/dl before improving somewhat and stabilizing at 1.3 mg/dl. Because of persistent hematuria and proteinuria, a second renal biopsy was performed. His medical history was significant for monoclonal gammopathy of undetermined significance.
Case 4 is a 19-year-old man who presented with hematuria. Serum creatinine was 1.8 mg/dl and urinary protein was 229 mg/24 h. His medical history was significant for gross hematuria as a child.
Case 5 is a 9-year-old boy who presented with renal failure, hypertension, and anasarca with a serum creatinine of 2.5 mg/dl and proteinuria of 10 g/d. The initial working diagnosis was poststreptococcal glomerulonephritis; however, his renal function continued to decline, and a renal biopsy was performed.
Renal Biopsy Findings
Light microscopy. All cases showed a predominantly MPGN pattern of injury with mesangial expansion and increased mesangial cellularity, endocapillary proliferation, thickened glomerular basement membranes, double contour formation, and lobular accentuation of the glomerular tufts (Table 3) . One case (5) also showed crescent formation ( Figure  1F ). The tubulointerstitial scarring varied from minimal (5%) to moderate (25%). None of the biopsies showed features of a thrombotic microangiopathy. Representative glomerular morphology is shown in Figure 1 .
Immunofluorescence microscopy. All cases showed marked C3 (3ϩ) deposition along the glomerular capillary walls, in the mesangium, and along some tubular basement membranes. No staining was observed for immunoglobulins (Igs). Kappa and lambda light chain staining was uniformly negative. Representative glomerular C3 staining is shown in Figure 2 .
Electron microscopy. The striking difference between cases 1 to 3 and case 5 was in the EM findings. Cases 1 to 3 showed immune-type electron-dense deposits in the mes- Urinalysis: 1ϩ ϭ 3 to 10 RBC/HPF, 2ϩ ϭ angium and along capillary walls in a subendothelial location reminiscent of MPGN type I, although a few subepithelial and intramembranous deposits were noted. Case 5 showed the classic sausage-shaped wavy deposits of DDD along the GBM and in the mesangium. Case 4 was intermediate between the two and showed mesangial, subepithelial, and subendothelial electrondense deposits along the GBM that lacked the typical sausage-shaped wavy morphology of DDD ( Figure 3D ), whereas other loops showed the classic wavy sausageshaped intramembranous deposits of DDD ( Figure 3E ). Deposits were also noted along tubular basement membranes in cases 4 and 5. Representative EM findings are shown in Figure 3 . Kidney biopsy diagnosis. Based on renal biopsy findings cases 1 to 3 were diagnosed as GN-C3, case 5 was diagnosed as DDD, and case 4 was diagnosed as GN-C3/DDD.
Alternative Pathway Evaluation and Genetic Screening
In all cases, activation of the complement cascade was shown by increased levels of soluble membrane attack complex (sMAC) (mean levels, 0.61 mg/dl; normal Ͻ0.30 mg/dl; Table 4 ). Other abnormal tests of AP function included the APFA, which was positive in four cases, and a hemolytic assay, which was positive in one case. Identified autoantibodies included FHAA (case 1) and C3Nefs (cases 2 and 5). In case 4, genetic testing was positive for a CFH mutation (c.2867 CϾT) that results in a p.Thr956Met missense mutation in short consensus repeat 16 of the FH. All cases carried at least one copy of the DDD-associated CFH H402 allele. No mutations were found in C3, CFB, CFI, THBD, MCP, or CFHR5.
Laser Dissection and Mass Spectrometry of GN-C3
We performed laser microdissection (LMD) and mass spectrometry (MS) on two cases of GN-C3 (cases 1 and 2). Glomeruli were selected for LMD as shown by the red line, leaving a vacant space on the slide after dissection ( Figure  4A ). Each LMD contained an area of 50,000 to 60,000 m 2 , and two to four microdissections were analyzed for each case. Figure 4B shows the MS results in duplicate (S1 and S2) for cases 1 and 2, listing proteins according to abundance based on the number of assigned spectra. Both cases showed presence of C3, C5, and C9, indicating accumulation of AP and terminal complement complex proteins. Regulators of complement activation factor H-related protein 1 and factor H-related protein 5 were also present, as were complement regulating proteins vitronectin and clusterin. Small amount of immunoglobulins (Ig␥ 3 and Ig␥ 1) and kappa and lambda light chains were noted in case 2.
Clinical Follow-Up
Follow-up of 6 months and 2 and 3 years was available for the three cases of GN-C3. Serum creatinine in case 1 increased from a baseline of 1.1 to 1.9 mg/dl at the time of biopsy, and after 6 months has stabilized at 1.3 mg/dl, with a 24-h urinary protein of 1.7 g/d. In case 2, the baseline serum creatinine at the time of diagnosis was 1.1 mg/dl, with proteinuria of 9.7 g/d. Two years later, the serum creatinine is 0.9 mg/dl with a proteinuria of 7 g/d. 
Discussion
Dysregulation of the AP can lead to complement debrisinduced renal changes in the mesangium and glomerular capillary walls that produce an MPGN pattern of injury. DDD is the prototypical example of this type of renal disease (3) (4) (5) 10) . The absence of Igs by immunofluorescence and the location and character of the dense EM deposits distinguish DDD from MPGN types I and III. Some cases of MPGN, however, show a pathology that is intermediate between immune complex-mediated MPGN and DDD. In these cases of MPGN, C3 deposition is present in the absence of Ig deposition; however, EM is not one of sausage-shaped wavy dense deposits. Instead subendothelial (occasionally subepithelial) and mesangial deposits are seen that resemble MPGN type I disease. We hypothesized that because Igs are absent, these cases result from AP dysfunction, suggesting that dysregulation of the AP produces a spectrum of morphologic patterns that range from MPGN to mesangial proliferative GN or even sclerosing GN. The purpose of this study was to evaluate AP function in these unusual cases.
Activation of the AP complement cascade occurs in a sequential manner resulting in generation of effector compounds that are delivered to all surfaces indiscriminately, mandating control over progression of the cascade. Multiple complement regulators and inhibitors operate at every level to prevent self-mediated damage (14) . Proteins that regulate C3 convertase assembly, activity, and half-life include factor H, factor I, decay accelerating factor, factor H-related proteins, membrane cofactor protein, and CR1. Mutations in, or antibodies against, these proteins can alter AP control and lead to the development of MPGN. Genetic background is also a risk factor for development of disease. Best studied is the Tyr402His allele variant of factor H: His402 is over-represented in DDD patients compared with Tyr402 and provides poorer factor H-mediated regulation of the C3 convertase on cell surfaces (15,16).
In the five cases we described-three of GN-C3, one of GN-C3/DDD, and one of DDD-AP dysregulation was present as evidenced by increased sMAC levels (all cases), positive APFAs (four cases), and a positive hemolytic assay (one case). However, the underlying cause of AP dysregulation varied. In cases 2 and 5, C3Nefs were detected, in case 1, FHAAs were detected, and in case 4, a CFH c.2867 Representative scaffold readout of proteins of interest for two cases of GN-C3 (cases 1 and 2) by Spectra. Samples are in duplicate (S1 and S2). The proteomic data show C3, FHR-1, vitronectin, FHR-5, apolipoprotein E, clusterin, and C9 in order of abundance with Ͼ95% probability. Yellow stars indicate proteins of interest, whereas red stars indicate protein ambiguity when two proteins share conserved regions.
CϾT, p.Thr956Met mutation was identified. All cases carried at least one copy of the factor H H402 allele, a permissive genetic background associated with the development of DDD.
LMD/MS data identified complement proteins of the AP and terminal complement complex, as well as complement regulating proteins such as vitronectin, clusterin, and factor H-related proteins, in the glomeruli of the two GN-C3 cases we studied. Small amounts of Ig were detected in one case, which we believe may represent either nonspecific entrapment of small amounts of plasma proteins or C3Nefs. Proteins of the classical pathway such as C1 and C4 were not present in any abundance. These findings are consistent with AP activation and are very similar to data derived from DDD patients, suggesting a common pathogenesis for these diseases (10) .
Given the complexity of the AP cascade and the similarity between DDD and GN-C3, the EM differences may reflect differences in the degree or site of AP/sMAC dysregulation. Alternatively, the response of the kidneys to complement damage may also play a role. That these diseases are part of a continuum is supported by case 4, which showed features intermediate between cases 1 to 3 and case 5. It is pertinent to note that, in cases 1 to 4, the disease course was slower and milder than is typical for DDD. In case 5 (with DDD), immunosuppressive management was included.
A clear limitation of this study is the short follow-up available. However, even within this short time frame, it is remarkable that, in cases 2 and 3, repeat kidney biopsies after 1 to 3 years showed only a slight increase in the extent of glomerular and tubulointerstitial scarring with no significant loss of renal function even with conservative management. The differential diagnosis of these cases includes postinfectious glomerulonephritis (because of the presence of subepithelial humps) and autoimmune disease (because of subepithelial, subendothelial, and mesangial deposits), and although two cases of GN-C3 were diagnosed initially as postinfectious proliferative GN, the lack of Igs on immunofluorescence studies differentiates GN-C3 from postinfectious and autoimmune proliferative GN.
Servais et al. (6) have recently described an entity they refer to as primary glomerulonephritis with C3 deposits. In their important study, the authors showed that 2 of 13 patients diagnosed as MPGN type I had alterations of AP, as did 4 of 6 patients labeled as C3 glomerulonephritis without proliferative features. Genetic testing was completed and serum protein levels were measured for several complement genes including CHF, CFI, CFB, and MCP, but the presence of autoantibodies was not assessed, and functional assays of AP activity were not performed.
Evaluating the AP in GN-C3 is important because it may have implications for treatment. For example, the presence of autoantibodies may suggest a role for rituximab, and in cases where a mutation is detected, complement-inhibiting drugs like eculizumab may be beneficial. Eculizumab (Alexion Pharmaceutics, Cheshire, CT) is a humanized recombinant antibody that targets C5 to prevent cleavage of C5 to C5b. This site of action reduces the generation of the proinflammatory peptide C5a and prevents activation of the terminal complement complex and formation of sMAC. Although its role in GN-C3 has not been studied, our data suggest that eculizumab should be tried in these patients.
MPGN is currently classified as primary/idiopathic or secondary. Primary/idiopathic MPGN includes immune complex-mediated MPGN types I and III, whereas secondary MPGN is most commonly caused by an antecedent hepatitis B or C viral infection that results in persistent antigenemia with secondary antigen-antibody immune complex deposition in the glomerulus (2, 17, 18) . Other chronic infectious causes include shunt nephritis, abscesses, and endocarditis (19 -21) . Autoimmune diseases associated with MPGN include systemic lupus erythematosus and occasionally Sjögren's syndrome (22, 23) , and subendothelial and mesangial deposition of circulating monoclonal immunoglobulins can occur with monoclonal gammopathy of undetermined significance, lymphoproliferative disorders, and multiple myeloma (24) . For these reasons, if immunoglobulins are present on immunofluorescence studies, the evaluation should be directed accordingly.
If immunofluorescence studies show predominantly C3 (C3G) and are negative for Igs, an indepth study of the AP is warranted. The AP evaluation should include sMAC levels, APFA, and hemolytic assays. If these tests are positive, mutation screening of complement genes and assays for autoantibodies to complement regulating proteins are warranted.
A simplified version of our interpretation of MPGN is shown in Figure 5 . With respect to the terminology for this entity-primary glomerulonephritis associated with C3 deposits-the terms glomerulonephritis with C3 deposits and C3 glomerulopathy have been proposed (6 -8) . We use the term MPGN with C3 deposits in our renal biopsy practice to indicate a proliferative GN associated with AP dysfunction, but agree that GN-C3 is also appropriate. Because both GN-C3 and DDD are characterized by C3 deposition in the absence of Ig deposition, we propose that the term C3 glomerulopathy (C3G) be used to describe both DDD and GN-C3. We also recommend that MPGN be classified into two major groups: Ig-mediated and complement-mediated (C3G), using the term "idiopathic" MPGN (or type I or III) judiciously, because it is likely that an underlying etiology can be found in most cases. Finally, there is urgent need for standardized treatment for C3Gs that focus on the underlying etiology of the AP dysfunction.
